Context. Since its rendezvous with comet 67P/Churyumov-Gerasimenko (67P), the Rosetta spacecraft has provided invaluable information contributing to our understanding of the cometary environment. On board, the VIRTIS and ROSINA instruments can both measure gas parameters in the rarefied cometary atmosphere, the so-called coma, and provide complementary results with remote sensing and in situ measurement techniques, respectively. The data from both ROSINA and VIRTIS instruments suggest that the source regions of H 2 O and CO 2 are not uniformly distributed over the surface of the nucleus even after accounting for the changing solar illumination of the irregularly shaped rotating nucleus. The source regions of H 2 O and CO 2 are also relatively different from one another. Aims. The use of a combination of a formal numerical data inversion method with a fully kinetic coma model is a way to correlate and interpret the information provided by these two instruments to fully understand the volatile environment and activity of comet 67P. Methods. In this work, the nonuniformity of the outgassing activity at the surface of the nucleus is described by spherical harmonics and constrained by ROSINA-DFMS data. This activity distribution is coupled with the local illumination to describe the inner boundary conditions of a 3D direct simulation Monte-Carlo (DSMC) approach using the Adaptive Mesh Particle Simulator (AMPS) code applied to the H 2 O and CO 2 coma of comet 67P. Results. We obtain activity distribution of H 2 O and CO 2 showing a dominant source of H 2 O in the Hapi region, while more CO 2 is produced in the southern hemisphere. The resulting model outputs are analyzed and compared with VIRTIS-M/-H and ROSINA-DFMS measurements, showing much better agreement between model and data than a simpler model assuming a uniform surface activity. The evolution of the H 2 O and CO 2 production rates with heliocentric distance are derived accurately from the coma model showing agreement between the observations from the different instruments and ground-based observations. Conclusions. We derive the activity distributions for H 2 O and CO 2 at the surface of the nucleus described in spherical harmonics, which we couple to the local solar illumination to constitute the boundary conditions of our coma model. The model presented reproduces the coma observations made by the ROSINA and VIRTIS instruments on board the Rosetta spacecraft showing our understanding of the physics of 67P's coma. This model can be used for further data analyses, such as dust modeling, in a future work.
Introduction
For the first time, a spacecraft is orbiting a comet for an extended period of time following the onset of the activity throughout the perihelion passage. The Rosetta mission provides unprecedented spatial and temporal information about the comet 67P/Churyumov-Gerasimenko (67P). Understanding the coma emergence from the surface of the nucleus is one main mission science goals of the Rosetta. The formation of the coma from the nucleus is still a relatively open question to this day. To correctly assess that question, a profound understanding of the activity of the nucleus is necessary. Indeed, as a result of the kinetic character of the constantly evolving coma, understanding the coma formation and the activity at the surface of the nucleus requires a comparison of theoretical models results and observational evidence.
The Rosetta Orbiter Spectrometer for Ion and Neutral Analysis (ROSINA) analyzes the cometary coma in situ. It is composed of three sensors, each optimized for part of the scientific objectives of the instrument: the Double Focusing Mass Spectrometer (DFMS), the Reflectron type Time-of-Flight mass spectrometer (RTOF), and the Comet Pressure Sensor (COPS). While COPS provides the total gas density at a given location in the coma, DFMS can provide the elemental and isotopic abundances of each gas species with a mass resolution of m/∆m ≈ 3000 at the 1% peak level at a mass-to-charge ratio of 28 Da/e (Balsiger et al. 2007 ). Another Rosetta orbiter instrument, the Visual InfraRed Thermal Imaging Spectrometer (VIRTIS) provides remote sensing hyperspectral data from the near-ultraviolet (UV) through the near-infrared (IR) wavelengths. It is composed of two spectral channels. The channel VIRTIS-M takes hyperspectral images of the coma and nucleus of comet 67P, covering a wide range of wavelengths from the near UV (0.25 microns) to the near IR (5.0 microns). The channel VIRTIS-H is a very high spectral resolution point spectrometer in the near IR (Coradini et al. 2007) .
The impressive images taken by the Deep Impact spacecraft in the context of the extended mission EPOXI during its fly-by of comet 103P/Hartley 2 revealed distinct outgassing patterns for H 2 O and CO 2 (A'Hearn et al. 2011) . This suggested that the sources of H 2 O and CO 2 were not equally spread over the surface of the nucleus. Similarly, Hässig et al. (2015) observed heterogeneities in the coma of 67P with large fluctuations in composition from ROSINA data from August and September 2014. This was confirmed by the VIRTIS-H measurements of 67P from November 2014 to January 2015 (Bockelée-Morvan et al. 2015) and the VIRTIS-M mapping of very inner coma of 67P during mid-April 2015 (Migliorini et al. 2016) . Indeed, the VIRTIS-M observations followed the evolution of the coma of comet 67P with an unprecedented spatial resolution of about 40 m/pixel, showing that H 2 O is mostly emanating from the neck connecting the two principal lobes, while CO 2 emanates mostly from both the so-called head and southern latitude regions of the large lobe (Migliorini et al. 2016) . Moreover, VIRTIS-M has observed the diurnal cycle of the water ice in the neck regions, occurring in the form of transient deposits formed in the upper layer of the surface by recondensation of water molecules sublimated from the subsurface ice (De Sanctis et al. 2015) . The sublimation of these deposits during the morning time is directly correlated with the activity seen above these regions. Also, the analysis of the H 16 2 O and H 18 2 O (110−101) lines by the Microwave Instrument on the Rosetta Orbiter (MIRO) revealed a map of the H 2 O column density when the comet was at 3.4 AU of the Sun, showing higher values close to the "neck" region on the dayside, while low outgassing was present in the night side (Biver et al. 2015) . The far-ultraviolet spectrograph Alice observed the H I and O I emissions resulting from electron dissociative excitation of H 2 O. These measurements suggested stronger emissions in the vicinity of the "neck" region as well (Feldman et al. 2015) . Alice also showed that the C I emissions, which were attributed to electron dissociative excitation of CO 2 , varied with respect to those of H I and O I providing additional evidence of the heterogeneity of the coma (Feldman et al. 2015) .
ROSINA and VIRTIS provide complementary information, which enable an extended probing of the coma of comet 67P. To accurately interpret the measurements from these two instruments, a coma model is necessary. Bieler et al. (2015) compared an analytical model based on illumination, a hydrodynamic simulation, and a direct simulation Monte-Carlo (DSMC) approach with ROSINA-COPS data. These authors showed that a model with the gas flux following the local illumination, assuming a uniform activity at the surface of the nucleus, could reproduce the COPS observations reasonably well. Also, Bockelée-Morvan et al. (2015) showed that such a model based solely on illumination was mostly able to explain the H 2 O measurements from VIRTIS-H. However, both studies found that a model assuming a uniform activity underestimated the H 2 O densities around the so-called neck area.
First, we present the H 2 O and CO 2 DFMS data during the pre-perihelion period. Then, we give a description of the DSMC model, including the surface activity distribution retrieval using a spherical harmonics-based inversion method, which enables us to recover the nonuniform outgassing distribution from the nucleus of comet 67P. We show some direct outputs of the DSMC model for both species giving macroscopic parameters such as gas density and velocity in the cometary coma. Then, we compare results from the DSMC model with DFMS measurements and with a set of VIRTIS-M images of the H 2 O and CO 2 coma taken at different illumination phases from Migliorini et al. (2016) , and with VIRTIS-H column densities over a two month period from Bockelée-Morvan et al. (2015) . Finally, the model is used to compute accurately the evolution of the H 2 O and CO 2 production rates with heliocentric distance as observed by the various instruments. These are compared to ground-based observations of previous perihelion passages of comet 67P.
Data analysis and derivation
The results presented in this paper are based on data measured by two instruments on board the Rosetta spacecraft: ROSINA and VIRTIS. While a complete description and interpretation of the VIRTIS-M and -H data can be found in Migliorini et al. (2016) and Bockelée-Morvan et al. (2015) , respectively, the ROSINA-DFMS data requires a more complete characterization because we present a substantial number of new measurements.
The DFMS is a neutral and ion mass spectrometer with a Nier-Johnson configuration (Balsiger et al. 2007; Johnson & Nier 1953) . This spectrometer has a high dynamic range and a mass resolution of m/∆m ≈ 3000 at the 1% peak level. In this study, we only focus on measurements of cometary neutrals. These neutrals enter the instrument's ion source where they are ionized by a 45 eV electron impact beam. The resulting (positively charged) ions are then accelerated into the ion optics of the instrument. A position sensitive microchannel plate detector with two rows of 512 pixels along the dispersive axis of the instrument finally records the incoming ions. For our data analysis we take into account the irregular degradation of the 512 individual pixels over time. For this purpose dedicated measurement modes are performed every few weeks. In the case of overlapping peaks, the peak shapes are fitted with a Gaussian to evaluate the surface area providing the relative abundance of the different species. The (irregular) baseline of each spectrum is subtracted by fitting a 3rd degree polynomial through the sections of the spectrum not containing any peaks. We take into account fragmentation patterns and sensitivity values determined in the laboratory with the flight spare instrument. The signal contribution from the Rosetta spacecraft (Schlaäppi et al. 2010 ) has been characterized before arrival at 67P and is subtracted from the determined signal by DFMS. Figure 1 shows an example of DFMS data with the number of counts per spectrum of the H 2 O peak and the corresponding error. Finally, the sums of the relative abundances of the four major coma species (H 2 O, CO 2 , CO, and O 2 ) are constrained such that added up they fit the total gas density measured by COPS. We focus solely on H 2 O and CO 2 since the density evolution of most minor species is correlated to either one or the other of these two species (Luspay-Kuti et al. 2015 This approach is performed from 4 August 2014 up to 2 June 2015, a few days after equinox. Figure 2 shows the DFMS measured densities for the two species of interest for this study: H 2 O and CO 2 . The bottom panel shows the spacecraft distance from the comet. As expected, larger densities tend to be observed when the spacecraft is closer to the nucleus. Also, a general large-scale anti-correlation can be observed between H 2 O and CO 2 in agreement with the RTOF measurements (Mall et al. 2016) . A subset of this dataset was used by Hässig et al. (2015) to show the diurnal behaviors of H 2 O and CO 2 , which have two maxima per nucleus rotation. However, CO 2 tends to show a maximum slightly shifted in time with respect to H 2 O, corresponding to the time when the Imhotep region (Thomas et al. 2015) is oriented toward the spacecraft .
Description of the model

Generalities and boundary conditions
To describe the entire coma, including the regions where collisions cannot maintain the flow in a fluid regime, the use of a kinetic method is necessary. Hence, we apply a DSMC approach to solve the Boltzmann equation with the Adaptive Mesh Particle Simulator (AMPS) code (Tenishev et al. 2008 (Tenishev et al. , 2011 Fougere et al. 2013) to model the coma of comet 67P from the surface of the nucleus up to 400 km. This code was adapted and tested in 3D, enabling the use of irregular nucleus shapes (Fougere 2014 ). The coma model described in Fougere (2014) takes full advantage of the 3D character of the nucleus by using the local orientation of each triangular facet of the nucleus model with respect to the Sun to compute the local sublimating gas flux. We use a version of the triangulation of SHAP5.1 from the OSIRIS Science team (Preusker et al. 2015) . The coordinate system used in the DSMC simulations follows the coordinate system from the nucleus shape model. The details regarding the collision cross-sections and physical processes (photodissociation, radiative cooling, etc.) included in the model are provided in Tenishev et al. (2008) and Fougere (2014) .
The temperature at the inner boundary is deduced from the thermophysical model of Davidsson & Gutierrez (2004 , 2005 , 2006 showing variation with respect to the local solar illumination. The gas flux is computed for the kth nucleus triangular facet following the formula:
where the function G (Θ SZA ), simulating the variation of the flux with solar zenith angle similarly to the simulations presented in Bieler et al. (2015) , is defined by
where a night is the flux ratio for a given location between conditions at local noon, i.e. when the triangle is directly oriented toward the Sun, and on the night side. As shown later, we find a night is 2% for H 2 O, which is a typical value according to the model of Davidsson & Gutierrez (2004 , 2005 , 2006 , and 10% for CO 2 , which has a much lower sublimation temperature. Θ SZA is the local solar zenith angle, i.e. the angle between the normal of the triangle and the Sun direction. The self-shadowing of the nucleus is taken into account, and g = a night when a facet is in the shadow. The denominator in Eq. (1) simulates the general increase of gas production as the comet approaches the Sun. We assume that it follows a power-law with R AU , the comet heliocentric distance in units of AU, and we pick β = 4.2 for H 2 O (Hansen et al. 2015) and 2.0 for CO 2 . Finally, f k represents the heterogeneity of outgassing activity at the surface of the nucleus. Indeed, contrary to the assumption made in Bieler et al. (2015) , it was observed extensively that the nucleus of comet 67P does not release gas in a uniform manner (Migliorini et al. 2016; Bockelée-Morvan et al. 2015; Biver et al. 2015; Feldman et al. 2015) . The f k depends on the species type since the main regions of gas release have been observed to be different for H 2 O and CO 2 Bockelée-Morvan et al. 2015; Migliorini et al. 2016 ). In our simulations, we describe the surface activity distributions of H 2 O and CO 2 using a spherical harmonic expansion with 25 terms (i.e., of order 4) with constants determined by a least-squares method constrained by the ROSINA-DFMS data as described in the following section.
Description of the activity at the surface of the nucleus
Inhomogeneity in the gas release has been observed in several comets. Comet 103P/Hartley 2 was mostly releasing CO 2 and icy grains from the subsolar lobe. Also, while most of the H 2 O from 103P/Hartley 2 was released in the form of large ice clumps of ∼10 cm in size (Mumma et al. 2011) , the H 2 O produced by the nucleus predominantly originated from the waist region as shown by the Medium Resolution Instrument images from the EPOXI mission (A'Hearn et al. 2011) . A similar variation of source regions around the surface at comet 67P is suggested by the instruments observing the coma on board the Rosetta spacecraft Bockelée-Morvan et al. 2015; Migliorini et al. 2016; Biver et al. 2015; Feldman et al. 2015) .
To reproduce the COPS data, Bieler et al. (2015) had to apply a latitude correction to the gas densities computed with a uniform surface activity model (see Figs. 5 and 6 from Bieler et al. 2015) . This post-processing artificially increases the densities for positions in the coma with higher latitudes with respect to the rest of the coma. However, as a result of strong kinetic effects and nonradial motion of particles, the in situ gas density measured at a specific spacecraft latitude and longitude above the surface is not a direct indication of the source strength at the same latitude and longitude on the surface. Indeed, owing to fast gas expansion, small sources and outgassing features are lost within a few nucleus radii (Combi et al. 2012 ). Hence, a careful analysis is needed to clearly identify the gas sublimation pattern and identify the regions of the nucleus that release most of the gas observed in the coma.
To describe the activity at the surface of the nucleus, we decided to use spherical harmonics, ignoring the few regions that overlap because of the concavity of the nucleus. We use a leastsquares method to obtain the best fit of the DFMS data with an analytical model to derive the undetermined coefficient for each spherical harmonic term. This model is an extension of the analytical model from Bieler et al. (2015) , which proved to be a relatively good approximation of more complex and physically accurate models. In this study, the analytical model is used to describe the modeled gas density at the spacecraft location at the time of each DFMS data point from 4 August 2014 to 2 June 2015, a few days after equinox. These densities were then developed in spherical harmonics to create a M × N matrix (C), where M is the size of the DFMS/COPS data set (number of data points, ∼17 000 for H 2 O and ∼7000 for CO 2 ) and N is the number of terms in the spherical harmonics expansion (here 25, i.e., up to order 4), defined as follows:
where N faces is the total number of triangles meshing the nucleus, the function g is defined by similarly as in Bieler et al. (2015) by the following equation:
where the value a night is enforced when the triangle is in the shadows. The surface area of the kth triangle is S k , r k and α k are the distance and angle between the spacecraft and the kth triangle, respectively. The parameter ϑ k and ϕ k are the colatitude and longitude of the center of the kth triangle from the nucleus model, respectively. Finally, the Y j s represent the different terms of the spherical harmonics. Then, we need to solve a least-squares problem of the form
where d is a vector of size M with elements containing the DFMS data, and x, the objective function, is a vector of size N representing the coefficients in front of the spherical harmonics, with the constraints that the activity described at a given triangle k by f k = N j=1 x j Y j (ϑ k , ϕ k ) needs to be positive at all positions on the nucleus. This parameter f k is then be used in the inner boundary condition of the DSMC numerical model as described in Eq. (1).
This problem is solved with a standard constrained optimization iterative procedure detailed in Gould & Toint (2004) . The best fit of the analytical model with the data, after applying the least-squares approach to derive the spherical harmonic coefficients, is illustrated in Fig. 3 with correlations of 0.84 and 0.83 for H 2 O and CO 2 , respectively. The analytical model is able to reproduce the large timescale anti-correlation between the two species. Indeed, it is clearly able to follow the evolution of the density measured by DFMS/COPS for both species during this period of ten months. The large-scale oscillation of the measured densities, with an amplitude of about 3 orders of magnitude over a few days for H 2 O and more than an order of magnitude for CO 2 , is relatively well reproduced by the model within a factor of 2 for the full period of ten months of data we considered. To better understand how well the model fits the data, we compute the root mean square coefficient of variation (rms-CV) defined as the root mean square deviation normalized by the mean measured value. We find that the rms-CV for H 2 O and CO 2 are 1.14 and 1.08, respectively. Then, we can quantify improvement in the model ability to reproduce the DFMS data with respect to a model with a uniform activity. To do so, we apply the leastsquares method with only the first constant term in the spherical harmonic expansion (order 0) to the H 2 O DFMS data, which returns the best fit with the assumption of a uniform activity. The corresponding rms-CV for the uniform activity case has a value of 2.03, which is about 80% higher than that computed with the 25-term spherical harmonic expansion discussed in this work.
The optimization procedure leads to the activity distribution represented in Figs. 4 and 5, corresponding to the retrieved coefficients given by Table 1 . This distribution follows the general observations with a dominant source of H 2 O released from the Hapi region of the nucleus following the nomenclature from Thomas et al. (2015) , while more CO 2 is produced in the southern hemisphere of the nucleus notably with the principal source south of the Imhotep region and above the Khonsu region. These results are consistent with the observations made by the different instruments on board Rosetta (Biver et al. 2015; Gulkis et al. 2015; Hässig et al. 2015; Bockelée-Morvan et al. 2015; Lee et al. 2015; Luspay-Kuti et al. 2015; Migliorini et al. 2016 ). Calculations by Keller et al. (2015) show that the total energy input close to the Hapi region is enhanced by reflected light and IR radiation from the walls of the local concavity, which could explain the H 2 O distribution of activity. Conversely, the identification of two areas in the Imhotep region, where exposed water
. H 2 O (top) and CO 2 (bottom) relative activity distribution at the surface of the nucleus described with a 25-term (order 4) spherical harmonic expansion at the surface of the nucleus. The H 2 O peak emission is located in the Hapi region, while the CO 2 emission is maximum south of the Imhotep region and above the Khonsu region following the nomenclature from Thomas et al. (2015) .
ice is present in stable form at the surface, has been reported by Filacchione et al. (2016) . However, the sparse illumination conditions, which occurred above these deposits before equinox, prevented the sublimation of the ice. 
Simulation outputs
The DSMC simulations give access to a large number of macroscopic parameters, such as number density, velocity, kinetic temperature, and rotational temperature, and provide a full description of the coma of comet 67P. The combination of the nonuniformity of the activity at the surface of the nucleus (previous section) and the local illumination imply that the flow is strongly asymmetric. Higher densities and speeds are observed where the surface is normal to the Sun direction and close to the identified main gas sources (Hapi region for H 2 O and south of the Imhotep region for CO 2 ). Since the activity distributions are different for H 2 O and CO 2 , we notice very distinctive gas distributions in the resulting H 2 O and CO 2 coma.
As an example to illustrate these points, Fig. 6 shows the local illumination at the surface of the nucleus on 23 December at 12:00 UT. The computation of the local solar angle is critical to derive the flux of gas that is released by each surface facet of the nucleus (see Eq. (1)). This is done taking into account self-shadowing from the nucleus itself due to the concave shape. Hence, the local illumination is computed as the cosine of the angle between the normal of each surface triangle and the direction of the Sun multiplied by a factor 0 if the triangle is in shadow and 1 if it is illuminated.
Figures 7 and 8 are DSMC model outputs of plane cuts of density and speed for H 2 O and CO 2 on 23 December at 12:00 UT, respectively, out to 30 km from the nucleus. For that geometry, the H 2 O density ranges from about 10 17 m −3 close to the Hapi region of the nucleus to a few times 10 12 m −3 at 30 km from the nucleus. The CO 2 density is between about 10 15 m −3
close to the nucleus and appears more uniform than H 2 O since, at this time, the Sun was illuminating mostly the northern latitudes of the nucleus while the main source of CO 2 was at a large solar zenith angle. At that time, the H 2 O speed reaches values of about 680 m s −1 , which is consistent with MIRO observations .
Model comparison with instruments on board the Rosetta spacecraft
Model comparison with ROSINA-DFMS measurements
Since the boundary conditions of the model were determined by an analytical approach constrained using DFMS and COPS data, it is critical to verify that the outputs of the more rigorous DSMC model can reproduce these measurements. However, because of the nucleus rotation with a period of 12.4 h , the parts of the nucleus that are directly illuminated by the Sun evolve. Also, as the comet approaches the Sun, the energy we pick the case corresponding to the time with the closest solar longitude as the most representative.
By extracting the gas density of each species at the location of the spacecraft, we can directly compare the coma model with the DFMS/COPS observations (Fig. 9) . The model clearly reproduces well the measured H 2 O and CO 2 densities from August 2014 to June 2015. It also captures the seasonal variation of H 2 O and CO 2 , including their general anti-correlation. To take a closer look at the diurnal variation, Fig. 10 shows two weeks of DFMS data compared to the DSMC model during the second half of the month of October 2014. The model captures the maxima and minima for both H 2 O and CO 2 , notably the times when the Imhotep region is directed toward the spacecraft and the CO 2 shows a maximum before H 2 O does as reported by Hässig et al. (2015) . This validates the analytical approach that was used to derive the activity at the surface of the nucleus, and shows that the DSMC coma model is able to reproduce the ROSINA observations.
Model comparison with VIRTIS-M coma mappings
VIRTIS-M obtained maps of the very inner coma of comet 67P for emission bands of different species (Migliorini et al. 2016) . A total of 74 observations were performed between 8 April and 14 April 2015 when the comet was at a heliocentric distance of about 1.9 AU. These observations clearly reveal that the main sources of H 2 O and CO 2 are located at disparate locations at the surface of the nucleus (Migliorini et al. 2016) , which is in agreement with the results shown in this paper. We focus on four of these observations covering different Sun/comet and spacecraft/comet geometries ( Table 2 ). The duration of these observations covers time ranges from 18 to 24 min. For our DSMC simulations, we selected a typical time representative of the geometry at the times of observation (Table 2) , neglecting the rotation of the comet during these 18−24 min of observation. The modeled column densities are then directly computed from the DSMC results by integrating the density along the line of sight from the spacecraft location to the boundary of the simulated domain. Figure 11 compares the modeled H 2 O column density with four VIRTIS-M H 2 O images. In each VIRTIS-M image, the nucleus is masked to avoid high contrast among adjacent pixels that could generate undesirable scattering on the filter junctions. The mask is then enlarged by 7 pixels in all directions to take into account any uncertainty resulting from the nucleus shape model (Migliorini et al. 2016) . This region is then also concealed in the model synthetic images. The agreement between the model and observations is evident with the part of the coma close to the Hapi region and directly illuminated by the Sun showing larger column densities up to about 8×10 20 m −2 . Also, the model is able to capture smaller coma features not directly related to the most active regions of the nucleus, such as the coma feature seen close the southern latitudes of the nucleus on the image corresponding to observation I1_00387379010.
Similarly, the juxtaposition between the CO 2 synthetic images and the VIRTIS-M observations is represented in Fig. 12 . The model reproduces rather well observations I1_00387379010, I1_00387481450, and to some extent I1_00387554894 with larger column densities coming from the southern latitudes of the nucleus and illuminated regions Table 2 . VIRTIS-M IR observations details (Migliorini et al. 2016 ) and corresponding times and gas production rates used in the DSMC runs. with column densities reaching a few 10 19 m −2 . However, some discrepancy appears between the model and observation I1_00387442903, where the CO 2 distribution is somewhat different. Several effects may explain this disparity: we carried out the DFMS observations, which enabled us to retrieve the activity distribution at the surface of the nucleus, up to equinox when the Sun was mostly illuminating the northern latitudes. Hence, the retrieval for the southern latitudes may be less accurate. This might be further supported by the low resolution of the spherical harmonic description of the activity of the nucleus resulting in an uncertainty in the simulated coma and their inability to represent concavities. Moreoever, the fact that the nucleus rotated during the period of observation may be of importance for that particular geometry. Finally, the comet shows an intrinsic time variability of the outgassing not only due to the change of illumination. The model does not capture short-term inhomogeneities in the coma such as outbursts or jets appearing and disappearing over the time of hours.
In order to show the effect of the nonuniform surface activity on the resulting coma, we performed an additional DSMC simulation for the geometry of observation I1_00387442903 using the boundary conditions with a uniform surface activity from Bieler et al. (2015) and Bockelée-Morvan et al. (2015) , where we scaled the total production rate to match the rate found in this work (5.0 × 10 26 s −1 for H 2 O). Then, we proceeded to the same line-of-sight integration to simulate the synthetic image from this model with a uniform surface activity. Figure 13 shows side-by-side the 10-based logarithm of the column densities to better show the coma structure and differences from the earlier model with uniform surface activity , the model with the surface activity described with the use of spherical harmonics from this work, and the VIRTIS-M data. While the column density from uniform surface activity model is somewhat enhanced in the neck region because of the concavity of the surface, it underestimates the column density in this region by a factor of about 2 compared with the VIRTIS-M data and the new nonuniform model. Also, some high column densities appear at the bottom of the image A134, page 8 of 11 derived from the uniform surface activity model on the night side of the nucleus that are not observed by VIRTIS-M, which was expected since the model presented in Bieler et al. (2015) was fitted to COPS data observing the total gas density without distinguishing species and includes contributions from highly volatile species like CO 2 and CO. The model presented in this work agrees better with the VIRTIS-M data and gives better results regarding the distribution of both individual gas species in the coma of 67P.
Model comparison with VIRTIS-H data
Bockelée-Morvan et al. (2015) showed the first observations of H 2 O and CO 2 in comet 67P by the VIRTIS-H instrument from 24 November to 24 January. These remote sensing observations were converted into column densities and the H 2 O data were compared to a DSMC coma model with a uniform nucleus surface, showing that the H 2 O column densities close to Hapi and Seth regions were underestimated by the model (Bockelée-Morvan et al. 2015) . We present a model with a nonuniform surface leading to regions of the nucleus with different activity. Hence, we can reiterate the process that was applied in Bockelée-Morvan et al. (2015) with a more realistic nucleus outgassing. Also, we can make a direct comparison of our CO 2 model with these observations. Figure 14 shows a direct comparison of the modeled column densities from the DSMC model presented in this work in function of the observed VIRTIS-H column densities for H 2 O and CO 2 . The column densities from the model were computed by taking the average of values of the integrated density profiles along the line of sight at both the starting and ending times of observation corrected for the heliocentric distance using the power laws used in the model (β = 4.2 for H 2 O and 2.0 for CO 2 ), which represent the lower and upper values of the error bars. We notice that the model can now correctly reproduce the larger H 2 O column densities observed by VIRTIS-H, which corresponds to the Seth and Hapi regions (Bockelée-Morvan et al. 2015) , where we find the main source of H 2 O. This is an improvement with respect to the simpler model assuming a uniform surface activity that would consistently underestimate the column densities close to these regions and in agreement with the comparison made in the previous section with VIRTIS-M (Fig. 13) .
Regarding CO 2 , the model follows the observations for most of the data points relatively well, showing a slope resulting from a linear regression close to 1. However, we observe that the model overestimates the column densities from observations I_00378954841 and I_00380112315, which both sustain the largest time-averaged solid angle from the Seth and Anuket regions (Bockelée-Morvan et al. 2015) . This suggests that the model may somehow overestimate the CO 2 released by these regions.
Discussion
6.1. Evolution of the H 2 O and CO 2 production rates
In previous sections, we showed that the model is able to reproduce the different observations made by the ROSINA and VIRTIS instruments on board the Rosetta spacecraft. Using the model results, we can get much more information regarding the coma's properties and evolution.
As a result of strong asymmetries in the coma, deducing a gas production rate from a measurement is not straightforward. The use of a simple Haser model can give a rough estimate of the instantaneous production rate, but it is clear that it strongly overestimates the total production rate if the observation is made on the day side, while it underestimates the total outgassing when the spacecraft is above the night side. The spatial distribution of the sources and resulting coma gas distribution from this work can be used for a better estimate of the gas production rate. Hansen et al. (2015) derived an analytical formula to reproduce the average of a solely illumination-based coma model over a nucleus rotation period to derive a power law to follow the total gas production rate observed by COPS. With the model presented in this paper, we can derive H 2 O and CO 2 production rates observed by both DFMS and VIRTIS. For each data point, we derive the expected density from the model for a given production rate using the case with the closest geometry among the 48 simulations. Then, to a first order approximation, the ratio between the observed density and the modeled density is equal to the ratio between the production rate deduced from the DFMS measurement and the rate used in the model run. We can operate similarly for VIRTIS-H using the ratio of the observed and modeled column densities. In the case of DFMS, we averaged over twoday periods of time (about four nucleus rotations). These computations result in the H 2 O and CO 2 production rates as a function of heliocentric distance (Fig. 15) . Both VIRTIS and ROSINA production rates deduced from the model show good agreements with observations made during previous apparitions of comet 67P, both ground based (Schleicher 2006) and from the AKARI spacecraft (Ootsubo et al. 2012) . The predictions made from light curve, ground-based measurements by Snodgrass et al. (2013) during its last perihelion passage agree well with the H 2 O production rate observed by DFMS and VIRTIS, while the CO 2 predictions seem to be slightly overestimated. The model from Cowan & A'Hearn (1979) , assuming that the spin axis tilt is perpendicular to the comet-Sun line with an active area of 2%, shows a weaker dependence with heliocentric distance. One could explain this by an increase of active area as the comet gets closer to the Sun, which could be due to erosion on the southern latitudes of the nucleus (Keller et al. 2015) enabling easier sublimation as these regions are illuminated.
6.2. Description of the CO 2 /H 2 O ratio in the coma of 67P ROSINA measurements showed number density ratios of CO 2 /H 2 O ranging from 2.5% in the summer hemisphere to 80% in the winter hemisphere (Le Roy et al. 2015) . VIRTIS provided observations of the CO 2 /H 2 O column density ratios in 67P's coma with values between 2 and 60% (Bockelée-Morvan et al. 2015; Migliorini et al. 2016) . Our model can give the evolution of these parameters with time and location in the coma. As an example, Fig. 16 shows the modeled column density ratios between CO 2 and H 2 O in log 10 for the geometry of observation I1_00387379010. We observe that this ratio varies by an order of magnitude, depending which region of the coma is probed by the remote sensing instrument. The lower CO 2 /H 2 O column density ratios are found close to the Hapi region where the most active H 2 O region is located. Hence, due to the strong asymmetries in the coma, these measurements can only give some clues regarding the actual CO 2 /H 2 O ratio in terms of production rates without the use of a coma model. The difference of volatility between the two species implies that the mixing ratio of CO 2 with respect to H 2 O tends to be higher at larger heliocentric distances. This is in agreement with the evolution of the production rates observed in Fig. 15 , showing that the increase of the H 2 O production rate as the comet gets closer to the Sun is larger than that of CO 2 . Moreover, the rotation of the nucleus implies that different regions of the nucleus are illuminated at different times, which implies a diurnal variation of the CO 2 /H 2 O ratio due to their different activity distribution. Figure 17 shows the evolution of the ratio between the CO 2 production rate (Q(CO 2 )) and the H 2 O production rate (Q(H 2 O)) for the cases used in the model. The Q(CO 2 )/Q(H 2 O) ratios are within 3 and 10% with variations of about 3% within one nucleus rotation period.
Conclusions
Using the least-squares fit of an analytical model to best fit the ROSINA DFMS data, we were able to construct the activity distribution at the surface of the nucleus for H 2 O and CO 2 , showing a nonuniform surface activity. H 2 O has a dominant source in the Hapi region, while CO 2 's main source is located south of the Imhotep region. This activity distribution was coupled with our previous illumination driven model of surface activity to simulate the H 2 O and CO 2 coma of comet 67P using a 3D DSMC model. The densities measured by DFMS and the simulated densities from the DSMC model show good agreement both at the seasonal and at diurnal level, reproducing the general anticorrelation between H 2 O and CO 2 , and the accurate location of the two local maxima per nucleus rotation period.
A direct comparison to the impressive images taken by VIRTIS-M of the very inner coma of comet 67P (Migliorini et al. 2016) shows that the model captures the H 2 O coma structure even close to the nucleus. For CO 2 , most geometries show consistency between the model and the data. The remaining differences are probably because the data set that constrains the surface activity does not cover the post-equinox period and/or a rather low resolution of the activity distribution. In future work we will continue to apply our spherical harmonics fitting method to post-equinox and post-perihelion DFMS measurements, which should address some of these issues.
A similar comparison between our model and the VIRTIS-H data as in Bockelée-Morvan et al. (2015) was performed showing that the DSMC coma model presented in this work can reproduce H 2 O column densities. The previous model assuming uniform surface activity underestimated the column densities close to the "neck" region. Also, for the first time, we compared the CO 2 VIRTIS-H data from Bockelée-Morvan et al. (2015) with our model, showing good agreement overall but with a potential overestimation close to the Seth and Anuket regions.
The model showed agreement with a large data set from different instruments, making a strong statement regarding our understanding of the coma of comet 67P. This model was able to reproduce the observations much better than a simpler model assuming a uniform surface activity. This model can be used as a tool for interpretation of other measurements made by the Rosetta spacecraft. The results presented in this paper can be extrapolated to minor species since their distributions are often correlated with either H 2 O or CO 2 (Luspay-Kuti et al. 2015) .
Using the coma model, we were able to convert the DFMS and VIRTIS measurements into gas production rates, which compare relatively well with previous observations of comet 67P and model predictions. Also, we show that the mixing ratio of CO 2 with respect to H 2 O varies strongly within the coma and with nucleus rotational phase and heliocentric distance. Estimates of the ratio between CO 2 and H 2 O in terms of total production rates were between 3% and 10%, and tended to decrease as the comet moved closer to the Sun due to the difference of volatility between the two species.
The modeling work of the gas coma of comet 67P presented here is critical for correctly computing the drag force exerted on the dust grains. While 3D DSMC dust coma simulations applied to comet 67P have already been performed ), we will run additional dust simulations building from this work and compare them with the relevant instrument data.
